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Abstract
This paper shows a Cyber-Physical-System based approach which allows the efficient utilization of the entire flexibility of 
reconfigurable, modular robot cells in assembly. Robots cells are automatically programmed, configured and optimized based on
the solution independent virtual requirements of the individual product. A detailed virtual representation of the entire robot cell 
eliminates uncertainties regarding the feasibility of the assembly process in a defined robot cell during the design phase of the 
product with a CAD program. The necessary virtual representations of the robot cell components and the products to be 
manufactured are defined and the information interchange is explained.
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1. Introduction
Industrial robots have a great inherent flexibility due to their kinematical degrees of freedom and the versatility of 
manageable tools, sensors and other periphery devices. The effort needed to program and configure the entire robot 
system, for example at the introduction of a new or altered product, is high and is limiting the utilized flexibility. 
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Therefore robots in the industrial environment are mostly used for repetitive, pre-defined tasks with little variance 
and adaptability [1]. 
This conflicts with the trends, the manufacturing industry faces nowadays: growing uncertainty about product 
life-cycles, increasing product variance, globalization and shrinking lot sizes [2]. These demands have to be met 
with new approaches to program and configure robot systems, minimizing the required time and operator experience 
[3].
When a new product or a new variant is designed, there is no certainty about the feasibility of the manufacturing 
process on the existing installations. Descriptions of the manufacturing process are generated and analyzed
manually. In a next step human robot programmers write the control code. If the product cannot be manufactured, 
either the product is altered or the robot system has to be changed. The communication between the operators and 
the designers lacks continuity due to the usage of no or incompatible types of software, resulting in a try-and-error 
proceeding. Time to market is increased and the planning reliability is reduced [4]. 
In order to facilitate the reconfiguration of robot cells, the Plug&Produce approach was introduced. By adding a 
storage device to the components containing its virtual description and corresponding drivers the effort for the 
reconfiguration of components from heterogeneous manufacturers could be reduced. The exchangeability of 
actuators and tools can be increased significantly. [5, 6, 7] 
In this paper the Plug&Produce approach is brought to the next level by adding a virtual representation of the 
product to the system, which contains its individual properties and requirements. The robot cell components and the 
product to be manufactured are defined as Cyber-Physical-Systems (CPS) [8, 9], allowing them to store data, to 
process data intelligently, to interact and to communicate with each other. The aim of Cyber-Physical-Robotics is 
the development of a method for an automated analysis, programming and configuration of every kind of robot 
cells. The necessary information is provided by solution independent data from the product. An economic automated 
production of all facility-adequate products and the utilization of the entire flexibility of robot cells are to be 
achieved.
In order to not only shift the effort of programming and configuring robot cells to the manual generation of the 
virtual representations of the products to be manufactured, its automated generation from CAD files and sensor data 
is researched and described. By connecting the virtual representation of the robot cell, which fully describes its 
skills, with the CAD program, the feasibility of the automated manufacturing process of the product can be analyzed 
without the need for real world testing.
To reach the before mentioned goals, a new system integrating partial solutions already existing in scientific 
literature has to be developed. Operations inside its necessary subsystems as well as the data exchange between 
them are explained and additionally new approaches, required to reach the technological vision, are presented in this 
paper. The paper focuses on the information exchanged and stored by various CPS in the robot cell and does not 
address data exchange technologies.
2. Vision
The presented approach can be seen as a necessary step to reach the vision of the future of industrial robots, 
which is explained in this chapter. A possible scenario could be: a product designer finishes the work on his project 
in his CAD software. The virtual representation of all product requirements towards the assembly process is 
generated from a CAD file. The designer sends the virtual description to a service provider for automated assembly. 
The service provider has a shop floor with a modular Cyber-Physical-Production-System (CPPS) with a variety of 
tools, sensors, mobile and fixed robots. All these devices have a virtual representation of their skills and properties. 
These are linked to a network and communicate with each other. Analysis of mutual interferences and 
interdependencies of the devices in the modular production system allow a precise determination of the available 
processes with the corresponding constrains. Processes required by the product can be automatically compared with 
the available processes. Information about product requirements exceeding abilities of the CPPS can be used to alter 
the product or be used by the service provider to add more appropriate devices to the CPPS. After determining the
requirement fulfillment of the production process, the designer, being the client, can choose the optimization 
criterion (e.g. time, price, energy efficiency) for production planning. The designer can compare offers from various 
assembly service providers. The flexibility and modularity of the production systems allows the efficient production 
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of different products in various lot sizes. Due to the precise, fine grained description of the skills of the components, 
the production planning process can depict the whole flexibility of the CPPS on a previously unattainable level.
After a service provider is chosen, programming and configuration is automatically derived from the virtual
representation of the product.
3. Related work
In order to enable the product to communicate its requirements, a virtual description of those needs to be 
generated. The automated extraction of assembly sequences from virtual product data usually needs additional, 
application specific information. The files describing the product contain the geometrical information of every 
single part and the geometrical constrains between them. Assembly orders and movements can be determined from 
interrelations between the parts, their accessibility and collision-freedom in various assembly steps. A popular way 
to automatically determine assembly sequences is the description of interrelations between the parts with predefined 
features, which are optimized for the use case [10, 11, 12]. An alternative approach is knowledge based reasoning. 
Existing assembly plans of earlier products are modified to adapt to the requirements of a new product [13, 14, 15].
Commercial computer aided design systems do not offer the extraction of assembly sequences from CAD models. 
[16] analyze common CAD-tools and describe a promising approach for the automated generation of assembly 
sequences from unaltered files without the need of additional data. The presented assembly sequence generators do 
not create data, which can be easily used to program and configure a robot. [17, 18, 19] present systems combining
geometrical information of each part with its interrelations to other parts in order to extract necessary assembly 
operations. Those are subdivided into sub-operations, executable on a predefined robot system. 
As presented in the vision, the devices in the production system must have their individual virtual representation
and be able to communicate in a network. This virtual representation can be used for a variety of functions. [20]
introduce a Plug&Produce approach, in which the various devices automatically determine their position to each 
other. Complex assembly tasks are entered manually and are automatically decomposed into standardized primitive 
operations, which are allocated to the available assembly devices in real time. [21] present a service oriented system 
for describing reconfigurable manufacturing systems. These are modularized into physical subsystems, each of 
which has a digital description of its own skills and functions, based on Petri nets. The single Petri nets are 
connected into one by a central “Process Manager” and is be used for programming and execution of the code. The 
programming of the system must be done manually. The product description is not taken into account. [7] present a 
control architecture for robot cells, which “automatically offers services to the user corresponding to the 
functionality of the robot cell” in its current setup. Each device in the robot cell brings its own digital description. 
An automated identification of possible device configurations is realized by describing which interfaces can be 
attached to each other. The offered skills are used for manual programming. [22] provide a detailed taxonomic 
framework, which allows modeling of skill primitives of devices of a robot cell with their respective constraints for 
manufacturing tasks. The work concentrates on task modeling on various levels of detail, from complex assembly 
tasks to skill primitives. The use case of the presented method is the reusability of knowledge between various robot 
systems rather than the initial programming and configuration in order to assemble a new product.
The network of devices can be extended by a virtual model of the product. [23] propose a Plug&Produce solution 
for determining the current state of the devices not only limited to a robot cell, but try to include the rest of the 
manufacturing system. The skills of the devices and their positioning are taken into account. A virtual representation 
of the product is used to automatically analyze the feasibility of the manufacturing process. This information is not 
used to reconfigure or program the devices. 
The SIARAS project introduces a methodology for a skill-based comparison between requirements of a product 
and the skills of a manufacturing system, allowing a product centered task oriented reconfiguration and 
programming. The description of the manufacturing system and the requirements of the product are entered 
manually by a human operator and are modeled as an ontology. The appropriate device is discovered by filtering the 
devices implementing the requested ability and quantitatively comparing the restrictions of requested and offered 
abilities. Physical reconfiguration of the system itself cannot take place autonomously. A system update during run-
time is not possible. [24, 25, 26]
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[27] and [28] present a method, which allows the connection of different devices possessing individual skills, 
represented as holons, to a higher order production system with combined skills. The skills of the production system 
can be matched with the skill requirements of the product. Based on a capability taxonomy, an adequate device for 
manufacturing can be selected solution independently. The method is not used for automated programming and 
configuration of robot cells.
[29] uses the approach of linking product requirements with machine skills to prove the validity of a method for a 
self-optimizing production control. The requirements and skills are described as “elementary functions “similar to 
those in [30]. The abilities of the devices update the process duration in real-time and continuously increase the 
planning accuracy. [31] presents a system, which autonomously matches the various possible sequences of
production processes to the available machines. A knowledge based system for altering the production process 
during run-time in case of disturbances is introduced. Neither [29] nor [31] allow automated physical 
reconfiguration of devices available in the manufacturing system.
4. Criticism
The related work shows possible partial solutions for the new approach presented in this paper and a variety of 
methods. However none of the systems integrates an automated extraction of necessary skills from a virtual product 
description in order to configure and program a robot system. Abilities of the robot system are not used to analyze 
the feasibility of the production process based on the virtual model of the product. None of the production planning 
and control systems takes the automated configuration and programming of robot cells into account. 
5. Goals
The scope of this paper is the introduction of a methodology, which allows automated programming, configuring 
and optimization of robot cells by enabling communication between virtual representations of devices in a modular 
robot cell and the product to be manufactured. Virtual descriptions of the product and the devices need to be 
developed. Communication, mutual interferences and resulting constraints must be defined. A method for 
automatically and efficiently generating the virtual model of the product must be introduced. Furthermore a method 
allowing comparing and optimally assigning product requirements to device abilities must be described. The use 
case, chosen to explain the methodology, is the automated assembly of products composed of rigid parts in small lot 
sizes by modular robot cells.
6. Introducing the method
6.1. System overview
In a first step, the part and process data, necessary for virtually describing the entire assembly, is automatically 
extracted from a CAD file of the fully assembled product (see Fig. 1). The virtual representation of the product to be 
manufactured is called Augmented-Assembly-Priority-Plan (AAPP) and describes the required production process 
solution independently. Together with the physical parts of the product, it forms the Cyber-Physical-Product (CPP) 
(see Fig. 2), a CPS according to [9]. 
Devices in a robot cell (e.g. an industrial robot, tools, sensors, actuators) have an individual virtual representation 
of their abilities, constraints and properties and are called Cyber-Physical-Devices (CPD). CPD´s are CPS´s [9]. A 
Cyber-Physical-Robot-Cell (CPRC) consists of a Centralized-Control-Unit (CCU) and any number of CPD´s (see 
Fig. 3). The CCU is an IT-System which creates the virtual representation of the robot cell by detecting and 
analyzing all the available CPD´s in it. It determines possible configurations of the robot cell, corresponding abilities
and constraints in each configuration. 
In a next step the AAPP and the abilities of the CPRC with the regarding constraints are compared by the CCU, 
allowing a conclusion about the feasibility of the production process.
If the CPRC meets the AAPP´s requirements, the parts and processes are assigned to the corresponding CPD´s. If 
more than one configuration of the CPRC comes into question, an optimization algorithm selects the configuration 
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which best matches the optimization criteria defined by the user. Finally the CPRC is automatically programmed
based on the information from the AAPP.  
Fig. 1. Overview over all subsystems. Fig. 2. A Cyber-Physical-Product.
6.2. Functional Primitives and Tasks
The solution-independent communication between the various systems is based on the usage of Functional 
Primitives (FP´s). Exemplary FP´s in assembly are “hold”, “release”, “move”, “measure force” and “detect 
position”. 
FP´s describe the skills of CPD´s. FP´s have quantitative constraints which are dependant of the skills of the 
individual device. Exemplary the FP “move” from a robot has a three dimensional workspace boundary depending 
on its kinematics and the FP “hold” from a gripper has a holding force limitation resulting from its design. An 
important aspect for determining qualitative constraints of available FP´s is the analysis of the mutual interaction of 
the corresponding CPD´s based on their properties. For example tools connected to a robot and other devices in the 
CPRC influence the accessibility and collision freedom in the robot cell. Consequently CPD´s need to describe their 
individual geometry and position. Methods for describing the workspaces of robot systems can be found in [32, 33, 
34, 35], but do not take the modularity of a CPRC into account.
FP´s are linked to the control commands of the corresponding CPD. The exemplary FP “move” requests positions 
and orientations in the coordinate system of the robot in order to execute the movement. 
FP´s of two separate devices, which work together, can be logically combined. A robot cell, in which a robot with 
the FP “move” is connected to a force sensor with the ability “measure force”, can execute the Advanced 
Functionality (AP) “force controlled movement”. The constraints of the separate FP´s are combined (e.g. the 
maximum payload of the robot is reduced). The control commands of the two devices are linked to execute the AP. 
Outside of the CPRC AP´s and FP´s are treated the same (the FP “force controlled movement” could also be offered 
by a robot with an integrated force sensor). By analyzing all CPD´s available in a CPRC, the CCU determines all 
available FP´s (see chapter 6.3.2).
FP´s are also used to describe the requirements of the product. Production processes in an AAPP are described as 
sequences of FP´s. Every qualitative function a FP refers to is connected to corresponding quantitative requirements, 
e.g. the FP “move” contains a desired start position, an end position and required degrees of freedom; the FP “hold” 
contains constraints towards the maximum holding force. In order to facilitate the use of knowledge and reduce 
complexity, recurring sequences of FP´s can be connected to Tasks. An example of a common Task in assembly is 
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“assemble parts”. It consists of FP´s describing the common process of preparing the handling tool for gripping
(“release”), positioning the handling tool (“move)”, gripping the part (“hold”), positioning the part against another 
part (“move”), releasing the part (“release”) and removing the handling tool from the workspace (“move”).
Furthermore FP´s have starting and exit conditions, e.g. the “release” FP can only be activated, if the previously 
requested position was successfully reached (see Fig 4).
The comparison between FP´s offered by a CPRC and FP´s requested by CPP´s is described in chapter 6.3.3. The 
programming of the CPRC based on the information stored in the AAPP is described in chapter 6.3.5.
Fig. 3. Virtual descriptions and communication between subsystems in a CPRC.           Fig. 4. Tasks are composed of FP´s.
6.3. Required Subsystems
In order to reach the before mentioned goals, a new method has to be developed. This chapter explains the 
necessary operations in and the data exchange between its subsystems. 
6.3.1. Automated generation of the AAPP from a CAD file
The initial input for this subsystem is a file, representing the fully assembled product. It contains the geometrical 
information of every single part and the geometrical constrains between them. Based on the type of constrains and 
the geometry of the part, the necessary type of Task, build out of a sequence of FP´s, can be determined knowledge-
based.
The output of the system is the AAPP, consisting of parts and Tasks (see Fig. 4). The description of the parts in 
the AAPP includes their geometrical properties, their mass, their initial location and final position in regard to other 
parts. This part description is used to parameterize the respective FP´s of the previously determined Task. At this 
stage all information is stored in the coordinate systems of the corresponding parts. Only primary production 
processes [36] can be extracted from the CAD-File. The AAPP describes all feasible assembly orders.
6.3.2. Analysis of the skills of a Cyber-physical robot cell (CPRC)
In order to allow an automated comparison between the requirements of the products and the full skills offered by 
the manufacturing system, a description of the latter needs to be generated. The here under mentioned approach 
allows a detailed and flexible real-time analysis of the current state of the manufacturing system using the potential 
of Cyber-Physical-Systems.
After detecting all CPD´s in the robot cell and downloading their virtual representations, the CPRC begins the
determination of all possible configurations. Every CPD has a digital description of its physical interfaces (e.g. 
digital, fluidic, mechanical, and electrical). These are divided in input and output interfaces. Input interfaces 
describe the prerequisites that have to be met in order for the CPD to be fully functional. Output interfaces of a CPD 
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are used to provide the necessary prerequisites to further CPD´s. The output interfaces a CPD can provide can be 
dependent on the successful connection of the required interfaces (e.g. a robot can only supply a gripper with 
compressed air, if it is connected to a compressed air supply). The CPD detects autonomously which FP´s and 
interfaces it can provide by analyzing which input interfaces were successfully connected. The virtual representation 
of the CPD contains the logical conditions between the input and output interfaces (see Fig. 5).By analyzing all 
interfaces of the CPD´s in the robot cell, the CPRC can completely determine its possible configurations.
The abilities of CPD´s are represented in form of FP´s. The usability of its FP´s is, like the output interfaces, 
dependent on the successful connection of input interfaces. An electrical gripper can only “hold” a part, if it is 
connected to an electrical energy source. Based on the previously determined possible configurations, the CPRC can 
now qualitatively and quantitatively analyze which full sets of FP´s with corresponding constraints are available in 
each configuration (see chapter 6.2).
The output of the subsystem is the virtual representation of all possible functional primitives with the 
corresponding constrains a CPRC can execute. 
6.3.3. Skill comparison 
A core element of the product-centered programming and configuring of the manufacturing system is the 
comparison and matching between the required and offered skills.
The set of configurations with its corresponding FP´s provided by the CPRC has to be matched with the set of 
possible sequences of FP´s represented in the AAPP in order to assign parts and assembly processes unambiguously 
to CPD´s available in the robot cell.
In a first step a qualitative comparison takes place. The CPRC analyzes autonomously, if it can offer a single 
configuration in which all FP´s required by the product are available. If this is not the case, all configurations are 
analyzed in order to determine whether the qualitative requirements of the product can be met with a reconfiguration 
of the CPRC during the assembly process.
After choosing one or more applicable configurations, the quantitative comparison of the required and offered 
FP´s takes place. Functional primitives are connected to Comparison Modules (CM). These are responsible for 
determining whether the product requirements fit in the process window of the CPRC or exceeds it. Exemplary 
CM´s are “accessibility testing”, “collision testing” and “safe gripping testing”. [33, 34, 35, 36] present methods for 
accessibility and collision testing in robot cells, but need to developed further in order to take the modularity of a 
CPRC into account.
Until now, the positions of the parts in the AAPP are solely described in the coordinate systems of the parts. For 
“accessibility testing” and “collision testing” the initial and final position of the parts to be picked, moved and 
assembled has to be known in the coordinate system of the robot. The initial positions of all parts can be determined 
with adequate sensors. Alternatively the position of feeding devices and fixtures of the parts in the robot cells may 
be known to the system, reducing the sensory effort. After analyzing which CPD´s are able to hold the parts, 
possible positions and orientations of the parts in the robot cell are known. If all initial and final positions of the 
parts are determined, the before mentioned accessibility and collision testing comparison modules can be run 
successfully. The positions of the parts in the coordinate system of the robot are stored in the AAPP.
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Fig. 5. Availability of Output Interfaces and Functional Primitives depending on Input Interfaces for an industrial robot.
If information which is necessary for the comparison is not available, e.g. “safe gripping testing” is supposed to 
be executed and the mass of the part is unknown, the system autonomously queries the user, e.g. the product 
designer, and calls for the required input. The output of this subsystem is a set of suitable linkages between the FP´s 
offered by the CPRC and the FP´s required by the CPP.
Due to the fact that the AAPP is created from a CAD-File, the comparison between offered skills and those 
required by a product yet only existing in a digital description is possible. Product requirements which can’t be met 
by the current production system are determined. Either corresponding product details are changed or an investment 
in CPD´s satisfying the product requirements is induced. The presented functionality would reduce the number of
iterations between product designers and process planners.
6.3.4. Selection of the optimal configuration 
After determining those CPRC configurations, which passed the comparison with the required skills of the 
product, the remaining configurations are evaluated based on optimization criteria defined by the user. 
In a scenario with more than one CPRC and a variety of products to assemble, production planning and control is 
taken to a new level of flexibility and transparency. The planning and control algorithm can take all available 
configurations of the production system and all possible production sequences of the products into account, greatly 
increasing its flexibility. The measurement of utilization is no longer bound to physical resources, but can be 
determined solely on the fine grained level of solution independent FP´s. 
The output of this subsystem is an unambiguous linkage between the FP´s offered by the CPRC and the FP´s 
required by the CPP. Each part and process of the product to be assembled is assigned to components of the robot 
cell. 
6.3.5. Programming the CPRC
The programming of the CPRC takes place, if all necessary variables in the AAPP are known and the optimal 
configuration was chosen. The information from the functional primitives from the AAPP is send to the functional 
primitives of the CPD´s. A solution-independent, task oriented programming takes place.
7. Conclusion
The presented system shows the possibilities of modular robot systems equipped with smart devices and smart 
products. The continuous use of solution independent skill descriptions in form of functional primitives for 
determining product requirements, determining robot system skills, analyzing the feasibility of the assembly, 
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optimizing the assembly and programming the robot cell allows a variety of new benefits. Due to the precise 
description of the constraints of the skills of the robot cell the feasibility of the assembly process can be determined 
with certainty. If necessary, the product or the robot cell can be changed. The robot system is programmed and 
configured autonomously. A new level of detail, actuality and flexibility for production planning and control can be 
achieved. We are currently further specifying the functional primitives, which form the fundament for the 
communication between all subsystems. A feasible extraction of FP´s from CAD files and the logic of mutual 
interactions between FP´s are being researched. We are currently building a prototypical demonstrator, allowing the 
execution of the presented methodology. 
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